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C hronic fatigue syndrome (CFS)/myalgic encephalomyelitis is a disease that is characterised by severe and debilitating fatigue, sleep abnormalities, impaired memory and concentration, and musculoskeletal pain. 1 In the Western world, the population prevalence is estimated to be in the order of 0.5%. 1 2 Although CFS is now recognised as a genuine clinical entity, a considerable research effort has failed to identify quantifiable parameters that consistently exhibit abnormal results in well documented cases. Therefore, the pathological basis for CFS remains poorly understood. Although there is no known aetiology and no known diagnostic marker, a large number of diverse factors such as viral infection; immune activation; exposure to toxins, chemicals, and pesticides; stress; hypotension; lymphocyte abnormalities; and neuroendocrine dysfunction have been proposed as factors in the pathogenesis of CFS. 3 ''Although chronic fatigue syndrome is now recognised as a genuine clinical entity, a considerable research effort has failed to identify quantifiable parameters that consistently exhibit abnormal results in well documented cases'' Three previous reports have studied gene expression in the peripheral blood of patients with CFS. [4] [5] [6] Although there was little agreement between these studies as to the genes identified, only one used quantitative polymerase chain reaction (PCR) to confirm the initial findings 4 and the initial method in this study was differential display. To address this discrepancy and to investigate the hypothesis that abnormalities of gene regulation occur in CFS, we studied gene expression in peripheral blood mononuclear cells (PBMC) of patients with CFS and normal blood donors using a microarray, and used Taqman real time PCR to confirm those genes identified as being differentially expressed Abbreviations: CFS, chronic fatigue syndrome; NBS, National Blood Service; PBMC, peripheral blood mononuclear cells; PCR, polymerase chain reaction between the groups. Sixteen genes were thus confirmed as having an expression profile associated with the CFS.
METHODS

Subject enrolment
Patients with CFS (n = 25) were enrolled from the Dorset CFS service in South East England. These cases were diagnosed according to the criteria of Fukuda and colleagues. 2 Additional clinical information was recorded and is presented in table 1. This includes measurements of physical and mental fatigue using the Chalder Fatigue Scale 7 and measurements of anxiety and depression using the Hospital Anxiety and Depression scales. 8 None of these patients had undergone previous treatment for psychiatric disorders. Patients were sampled at two time points, six months apart, between which their symptoms did not vary significantly; the first sample from each patient was used for microarray analysis whereas the second was used for real time PCR. This approach provides an additional safeguard against attaching particular importance to genes that may be differentially expressed at a single time point, but not reproducibly.
Normal blood donors were enrolled from the East Dorset division of the National Blood Service (NBS); 25 age and sex matched normal blood donors were used as a comparison group for the microarray part of the study, and 21 normal blood donors (age and sex matched as a group) were used as a comparison group for the real time PCR part of the study.
The NBS restricts donors to those who fulfil the following criteria: aged between 17 and 59 years; have not given blood in the previous 16 weeks; are not currently suffering from an infection; are not pregnant; are not currently taking (or within three months of taking) antibiotics, steroids, or antidepressants; have not had hepatitis, jaundice, body piercing, acupuncture, or blood transfusion in the past year; do not have two family members who suffered from Creutzfeldt-Jakob Disease; are not known to be positive for human immunodeficiency virus, hepatitis B or C; are not currently or previously abusers of injecting or body building drugs; are not post-vaccination; and do not suffer a chronic illness including malaria. Patients and controls gave written consent according to the guidance of the ethics committees of both the East Dorset NBS, the Royal Brompton and Harefield NHS Trusts, and the National Heart and Lung Institute. The human experimentation guidelines of the US Department of Health and Human Services were followed in our study.
Sample collection and processing A 20 ml sample of blood was immediately placed in cell preparation tubes containing density gradient solution and EDTA (BD Biosciences, Manchester, UK). PBMCs were isolated by density gradient centrifugation. Total RNA was extracted using Trizol (Invitrogen, Carlsbad, California, USA), washed in phosphate buffered saline, and the quality and amount confirmed by microspectrophotometry (Nanodrop, Rockland, Delaware, USA). Total RNA samples had an absorbance ratio (A260/280) of 1.85-1.95. A 20 ml sample of peripheral blood is estimated to contain a total of approximately 15 6 10 6 PBMCs and buffy coat from this sample yielded 10-25 mg total RNA, which was shipped to Nimblegen, USA, at room temperature in ethanol, for array testing. Total RNA was converted to double stranded cDNA by the SuperScript Choice System (Invitrogen) with an oligo dT primer containing the T7 RNA polymerase promoter sequence (59-GGCCAGTGAATTGTAATACGACTCACTATAGG GAGGCGG-T24-39). A 15 mg aliquot of total RNA was converted into cDNA. In vitro transcription was used to produce biotin labelled cRNA from cDNA using the Ambion MEGAscript T7 kit (Ambion, Austin, Texas, USA). Before hybridisation, cRNA was fragmented to an average size of 50-200 bp by incubation in 100mM potassium acetate, 30mM magnesium acetate, and 40mM Tris/acetate at 94˚C for 35 minutes. Fragmentation was checked by gel electrophoresis in 1% agarose.
Microarray design and analysis A custom microarray was manufactured by Nimblegen (Madison, Wisconsin, USA) using maskless array synthesis (http://www.nimblegen.com). The human genes on this design (n = 9522) were selected from the Homo sapiens entries in the RefSeq collection of sequences as of August 2002. Each gene was compared with all others using the BLAST program to remove redundancies. Ten probe pairs for each target were selected from the 39 1 kb of each target. Probes were spaced evenly over the length of the target region ((1 kb), so that the exact spacing depended on the length of the target sequence. Each probe was 24 nucleotides in length. For each perfect match probe there was also a mismatch probe, which differed by a single nucleotide.
Labelled cRNA was hybridised to the oligonucleotide probes on the microarray. After washing, arrays were stained with streptavidin-cy3 conjugate (Amersham Biosciences, Piscataway, New Jersey, USA) for 25 minutes at room temperature, followed by washing and a blow dry step using high pressure grade 5 Argon (Badger Welding, Madison, Wisconsin, USA). Slides were scanned using a GenePix 4000B microarray scanner (Axon Instruments, Union City, California, USA), and the feature intensities extracted from the TIF files were calculated by the scanner software using a proprietary application developed at NimbleGen (Madison, Wisconsin, USA). 9 This application calculates mean signal intensities for the pixels that define each feature (3 6 3 grid of pixels). The intensities for each gene are calculated by taking the mean of the intensities for the perfect match probes specific to each target minus the mean of the intensity of the mismatch probes. Probes that differed from the mean for the set by more than 3 SD were removed from the set and the mean recalculated. Average differences (recalculated mean) were used for subsequent analysis.
Data analysis was performed using BRB ArrayTools version 3.02 (Molecular Statistics and Bioinformatics Section, National Cancer Institute, Bethesda, Maryland, USA) developed by Dr R Simon and A Peng (http://linus.nci.nih.gov/ BRB-ArrayTools.html). Average difference values were normalised to median over the array. The data were filtered so that only those genes that were adequately measured on 75% of the arrays were included. A class comparison protocol was used to identify genes whose degree of expression differed significantly by > 1.5 fold between the two groups. This consisted of a multivariate permutation test, which was computed based on 1000 random permutations using the following parameters: nominal significance level = 0.001; confidence level of false discovery rate assessment = 50%; maximum allowed number of false positive genes = 10; maximum allowed proportion of false positive genes = 0.1. Values for differentially expressed genes were used to cluster all 50 subjects using Genepilot software (http://www.genepilot. com) (TG Services, El Sobrante, California, USA). 
Taqman real time PCR
Taqman real time PCR (Applied Biosystems, Foster City, California, USA) was used to confirm the importance of genes identified by array experiments in the same group of CFS cases (n = 17) and a different group of normal controls (n = 21); the controls were age and sex matched. cDNA was prepared from total RNA using the random hexamer method of reverse transcription, according to the instructions of the kit manufacturer (Applied Biosystems, Warrington, UK). Experiments were performed in triplicate in a custom 384 well low density array format using the ABI PRISM 7900HT instrument (Applied Biosystems) incorporating 38 target gene assays (including three instances where two assays were used for a single gene to include transcript variants) (table 2) along with endogenous controls, namely: HMBS (hydroxymethylbilane synthase), HPRT-1 (hypoxanthine phosphoribosyltransferase 1), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and eukaryotic 18S rRNA. Fluorogenic probes were 59 labelled with 6-carboxyfluorescein (FAM) and 39 labelled with MGB non-fluorescent quencher. Reactions were performed in a 1 ml reaction volume in Taqman Universal PCR Mastermix (Applied Biosystems UK). For each card channel (48 PCR reactions), 50 ng total RNA from PBMCs converted to cDNA was used as inoculum. Fluorescent signal detection used ''ROX'' as the internal passive reference dye.
The inoculum (100 ml) was a mixture of Taqman universal PCR master mix (Applied Biosystems) (50 ml), RNase/DNase free sterile water (45 ml), and cDNA (5 ml). Cycling times and temperatures were as follows. Initial denaturation was carried out for 10 minutes at 95˚C, followed by 40 cycles of denaturation at 95˚C for 15 seconds and combined primer annealing/extension at 60˚C for one minute. Data was displayed using SDS 2.1 software (Applied Biosystems). GAPDH gave the least variable results in all samples and was used as the endogenous reference control. The threshold cycle (Ct) for each gene/sample pair was compared with a calibrator sample and a DCt value used to calculate a relative quantity of gene expression compared with the calibrator. RQ values were finally normalised to GAPDH expression. The F test for equality of standard deviations was used to compare mean RQ values for each gene in test versus control groups.
RESULTS
CFS disease phenotype
All 25 patients with CFS were diagnosed according to the Centers for Disease Control criteria of Fukuda et al.
2 Table 1 summarises the patient and clinical details. Our study included patients with CFS whose disease was severe and necessitated bed rest for much of the day, and also several patients whose disease was of a milder nature (table 1) .
Microarray analysis
Analysis of microarray data identified 35 genes that showed significantly different expression in patients with CFS compared with normal controls (table 2) . Hierarchical clustering of subjects on the basis of their degree of expression of these 35 genes revealed a cluster of 18 subjects, comprising 17 CFS patients and one normal person, whose expression profiles were very similar but distinctly different from the other patients and controls (fig 1) . However, this patient cluster did not differ significantly with regard to other clinical variables shown in table 1, so that we were unable to explain this clustering.
Taqman real time PCR
TaqMan real time PCR analysis was used to confirm the importance of genes that were identified using microarray analysis. Significantly different expression, with the same profile as in gene arrays, was confirmed for 16 of 33 genes in the 17 patients tested. This method revealed upregulation of 15 genes and downregulation of one gene (table 2). Figure 2 illustrates the concurrent fold difference in gene expression between test and control groups for the 16 differentially expressed genes for both microarray and real time PCR analysis. The standard deviation from the mean is also shown in fig 2B and provides an indirect measure of the probable reproducibility of differential expression for each gene. In general, the standard deviation of these 16 genes in normal persons is very much lower than in patients with CFS, except for IL-10RA, in which the opposite is the case. Table 3 provides information on the chromosomal location, expression, subcellular localisation, and function of these 16 genes. Although these genes do not fit neatly into known metabolic pathways, several broad themes are apparent. For example, T cell activation and neuronal and mitochondrial function.
DISCUSSION
In our present study, we studied transcript profiles from patients with CFS and from sex and age matched normal controls from the same area of South East England. The expression of 16 genes was significantly different in patients compared with controls in both microarray analysis and real time PCR. These genes may be important in the pathogenesis of CFS and can be grouped according to immune, neuronal, mitochondrial, and other functions that have particular relevance to our present knowledge of the epidemiology of CFS (table 4) . Our present study has certain parallels with two published studies in this area, summarised in table 4.
T cell activation is suggested by upregulation of CD2BP2 and downregulation of IL-10RA [10] [11] [12] ; in addition, PRKCL1 plays a role in the immune response. Genes that are active in the immune response have been found to be differentially expressed in all studies of gene expression in CFS (table 4) . Furthermore, genes that are crucial for T cell activation 10 have also been found to be upregulated in all three studies, namely: CD2BP2 and IL-10RA (present study); moesin and cathepsin C 4 ; ITGA and NFATC3. 5 These findings are consistent with previous work showing that patients with CFS have evidence of immune activation, such as increased numbers of activated T cells and cytotoxic T cells, and raised circulating cytokine concentrations. 3 13-19 A neuronal component is suggested by the upregulation of PRKCL1, NTE, GSN, GABARAPL1, KHSRP, and EIF2B4. Protein kinase C family members are implicated in various psychiatric and affective disorders, and have been implicated in previous gene studies of CFS. 5 NTE is a target for organophosphates and chemical warfare agents, both of which may precipitate CFS, 20 on the basis of a neuropathy resulting from inactivation of serine esterase activity. 21 GSN regulates cell growth and plays a role in amyloidosis (Finnish type), which may result in dysfunction of neurones, skeletal muscle, and thyroid gland. 22 23 GABARAPL1 is a microtubule associated anchor protein with increased expression in neuronal cells. 24 KHSRP facilitates splicing of the N1 exon of the SRC protooncogene in neuronal but not other cells.
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EIF2B4 is a mitochondrial translation initiation factor and one of the EIF2B family, within which mutations have been shown to be associated with central nervous system hypomyelination and encephalopathy. 26 Powell and colleagues 4 have reported upregulation of an EIF2B3 gene homologue (BQ580379). These findings are interesting in that abnormalities in the white matter of the frontal lobes have been found in patients with CFS using magnetic resonance imaging and have been suggested to account for the cognitive defect in CFS. 27 Neuronal gene involvement in CFS has also been reported by Vernon and colleagues. 5 Mitochondrial involvement is suggested by the upregulation of EIF2B4, EIF4G1 (see above), and MRPL23. Mitochondrial gene upregulation has also been reported by Powell et al. 4 The cell cycle is implicated by upregulation of ANAPC11, which regulates the onset of anaphase by mediation of degradation of mitotic cyclins. Powell and colleagues 4 reported upregulation of MAD1L1, which prevents the onset of anaphase until all chromosomes are aligned at the metaphase plate.
''The upregulation of EIF4G1 identified in our present study may represent a common host response to persistent infection with several different viruses'' Transcriptional perturbation is suggested by the upregulation of POLR2G and BRMS1. Powell and colleagues 4 reported the upregulation of genes homologous with POLR1B (BQ580386) and RCOR3 (BQ580388), which are each involved in transcriptional regulation.
Upregulated peroxisomal function is suggested by the upregulation of ABCD4 and PEX16, which may suggest enhanced defence to oxidative stress in CFS. Oxidative stress has already been suggested as a disease mechanism in CFS. 28 29 Persistent virus infection is a recognised feature of CFS, which is interesting in the light of our finding of upregulation of EIF4G1 transcript variant 5, a mitochondrial translation initiation factor. Whistler and colleagues 6 have also reported this finding in patients with CFS who have rapid (?triggered by virus infection) as compared with insidious onset. EIF4G1 is a component of the protein complex, EIF4F, which is crucial in translation through its involvement in the recognition of the mRNA cap, ATP dependent unwinding of 59 terminal secondary structure, and recruitment of mRNA to the ribosome. 30 Various viruses have developed strategies to divert EIF4G1 from its utilisation by the cellular machinery to facilitate production of viral proteins. 30 The best characterised example is that of poliovirus, 31 32 but this has also been demonstrated to occur with coxsackie virus, 33 rhinoviruses, 34 rotavirus, 35 influenza virus, 36 adenovirus, 37 vesicular stomatitis virus, 38 and human immunodeficiency virus 1. 39 Therefore, the upregulation of EIF4G1 identified in our present study may represent a common host response to persistent infection with several different viruses. The vulnerability of EIF4G1 to virus modification may have particular importance for the development of CFS after an acute virus infection. 40 In conclusion, we report the differential expression of 16 human genes in patients with CFS compared with normal controls. The involvement of genes from several disparate pathways suggests a complex pathogenesis involving T cell activation and abnormalities of neuronal and mitochondrial function, and suggests possible molecular bases for the recognised contributions of organophosphate exposure and virus infection, respectively.
